Lignocellulosic biomass is considered as one of the most promising feedstocks for producing fuel ethanol because of its global availability and environmental benefits of its use. In this paper, the process of lignocellulosic ethanol production was investigated at its present state of development. The experimental data from the East China University of Science and Technology were used to develop a process model and evaluate the performance of the whole process design. For the process simulation, all relevant information about the process streams, physical properties, and mass and energy balances were also considered. Energy integration is investigated to identify the best ways to supply heat to the process, realizing also combined heat and power production from wastewater and residue treatment. The sensitivity on ethanol yield and the overall system performance are also investigated.
Introduction
Fuel ethanol, which can be produced from biomass via hydrolysis and fermentation, finds its application in powering engines as fuel either substituting gasoline or as a blend with gasoline for mitigating fossil greenhouse gas emission. [1] [2] [3] Nowadays, the commercial fuel ethanol sold in the market is mostly made from corn or sugar cane. Starch processing is a fairly mature technology. 4 The top five ethanol producers in 2006 were the United States [18.38 billion liters per year (Gl/ y)], Brazil (17.00 Gl/y), China (3.85 Gl/y), India (1.90 Gl/y), and France (0.95 Gl/y). 5 However, a dramatic increase in ethanol production using the current cornstarch-based technology may not be practical because corn production for ethanol will compete for the limited agricultural land needed for food and feed production. 6 Studies show that the reduction of greenhouse gases resulting from the use of sugar-or starch-based ethanol is not as high as desirable because corn ethanol reduces greenhouse gas emissions only by about 13%. 7, 8 However, abundant biomass resources should be used without creating an environmental burden. In this respect, lignocellulosic materials such as crop residues, wood, grasses, etc., appear to be a more sustainable feedstock for ethanol production.
Lignocellulosic biomass is abundant in many countries. In China, for example, crop stalks or other agricultural waste amount to 700 million tons per year. 9 The material resource, at least at present, has not found its way of full use. Facing the increasing demand from the fuel market, the development of the technologies for efficient fuel ethanol production from lignocellulosic biomass is of practical significance.
There are technical and economical impediments to the development of commercial processes using lignocellulosic biomass. However, many advances 10,11 made over the past few years make commercialization more promising, and many projects are now running to realize commercial production.
In China, a 600 ton/year demonstration plant for the production of fuel ethanol from lignocellulosic biomass has been constructed in the Fengxian District, Shanghai, in 2005 (National "863" project). A team from East China University of Science and Technology (ECUST) is in charge of this project. The demonstration plant (Figure 1 ) was constructed using dilute acid hydrolysis technology, whereas research has also been carried out in enzymatic hydrolysis.
Process Description

Feedstock and Its Composition.
Lignocellulosic biomass contains a complex mixture of carbohydrate polymers from the plant cell walls known as cellulose, hemicellulose, and lignin. The cellulose and hemicellulose are polysaccharides that can be hydrolyzed to sugars and eventually fermented to ethanol. Because lignin is indigestible by enzymes, it cannot be converted to ethanol and represents a major residue of the process. In the ECUST plant, the raw materials studied for ethanol production are shown in For the base case simulation, the material used is assumed to contain 35% cellulose, 25% hemicellulose, 25% lignin, and 15% moisture, as presented in Table 2 . Its lower heating value (LHV) is of 16.95 MJ/kg.
Process
Steps. Fuel ethanol production from lignocellulosic biomass includes six major steps (shown in Figure 2 ): hydrolysis of hemicellulose and cellulose to sugar, fermentation of sugar to ethanol, ethanol recovery from the fermentation broth, mixing of ethanol and gasoline to production of fuel ethanol, and lignin and wastewater treatment for the energy recovery and environmental protection. These major steps will be discussed hereafter, and the technological improvement and research status will be presented.
Hydrolysis.
In this study, we considered only the dilute acid hydrolysis because our research results suggest that 12, 13 (1) the process is the closest to commercial operation, (2) the dilute acid hydrolysis could be used as a pretreatment step for enzyme hydrolysis when the enzyme cost will become acceptable, (3) higher sugar yields and a higher sugar concentration could be obtained by a two-stage process, and (4) the energy consumption could be minimized using process and energy integration. The glucose is first fermented to produce ethanol, followed by the fermentation of xylose at a slower rate and with a lower yield. The future overall performance strongly depends upon the development of cheaper and more efficient microorganisms for fermentation. 14 In our model, the sugar consumption for organism growth has been neglected.
After the fermentation reactors, the fermentation broth is sent to the ethanol recovery and purification.
2.2.3. Distillation. Distillation is a mature process for ethanol recovery. The first part is distilling the fermentation broth to separate ethanol from water to reach an ethanol concentration of 95%, and the bottom liquid is send to the wastewater treatment.
The ethanol-water azeotrope is broken by adding a small amount of benzene or cyclohexane. In the process under study, cyclohexane was used as an entrainer to achieve an ethanol concentration of 99.5 wt %. The solvent is recovered using a phase separator tank followed by a distillation column. After this concentration step, the ethanol is ready to be used as a fuel blended with gasoline.
Wastewater Treatment.
The bottom water of the first distillation column contains some chemicals, such as furfural, from the hydrolysis byproduct, a small part of the nonconverted sugar, some ethanol not recovered in the column, and some of the microorganisms. Therefore, wastewater treatment by anaerobic and aerobic digestion is necessary and allows one to byproduce biogas from the residues.
In the acid recovery unit, hydrochloric acid is recovered by treating the wastewater with sulfuric acid. As stated above, the energy consumption for hydrochloric acid hydrolysis is less than that of sulfuric acid hydrolysis. However, hydrochloric acid is more expensive than sulfuric acid.
In this way, the wastewater treatment process allows for recycling of the water required as a production support, recovers the hydrochloric acid, and provides at the same time some biogas that can be a utility for the process.
Lignin Treatment.
Lignin is present in all lignocellulosic biomass, and it cannot be hydrolyzed to fermentable sugars. Therefore, any ethanol production process will have lignin as a residue, which can either be sold or used as fuel to supply the energy requirement of the process while by-producing electricity.
2.2.6. Utility and Heat RecoVery System. The scale-up from demo-scale production of lignocellulosic ethanol to competitive commercialization production requires an efficient utility and heat recovery system to further reduce the operating cost. One approach to supply the necessary heat for the ethanol production chain is to install a combined heat and power production unit fired by the by-produced biogas and lignin. In our study, we considered the use of a steam Rankine cycle to convert the energy of the byproduct into heat and electricity for the process as a reference case. This is compared to alternative ways of converting the co-products by either increasing the efficiency of the co-production of electricity using an integrated gasification combined cycle 15 or co-producing additional biofuels by thermochemical processes.
Process Modeling
3.1. Methodology. Using the experimental data from East China University of Science and Technology and physical property data of the lignocellulosic raw materials and products, a thermodynamic model has been developed using the commercial flowsheeting software Belsim-VALI, 16 which can be applied for both design and data reconciliation purposes. From this energy-flow model, the heat-transfer requirements of the process are determined as hot and cold streams and passed to the in-house energy integration software EASY that calculates the optimal combined heat and power production based on pinch analysis and heat cascade models. 17 3.2. Description of the Energy-Flow Model. 3.2.1. Hydrolysis. Hydrolysis with hydrochloric acid as a catalyst is modeled. It requires a low reaction temperature of about 155-165°C compared to 205-215°C in sulfuric acid hydrolysis. 13 To reduce the sugar degradation and increase the monosaccharide concentration, a two-stage hydrolysis is used. According to reactions 1-3, cellulose is converted to glucose and hemicellulose to xylose, with the latter being then partly degraded to furfural. The observed conversion rates of the reactions are 80, 70, and 10%, respectively.
After solid separation, the hydrolyzed solids are washed and pressed to extract the remaining liquid portion of the hydrolyzate, including acid and sugars. In this step, it is assumed that 100% of the solubilized materials are recovered and recycled to the hydrolysis part for dilute acid preparation. The solid stream leaving the filters contains up to 75% water and is fed to the lignin treatment process to recover the lignin product.
Fermentation.
According to reactions 4 and 5, glucose is first fermented to ethanol with 95% conversion, followed by the fermentation of xylose at a slower rate and with a lower yield of 60%. column with cyclohexane as an entrainer, from which 99.5 wt % pure ethanol is recovered at the column bottoms. The distillate is directed to a separator where its light phase (cyclohexane enriched) and heavy phase (ethanol and water enriched) are separated. The composition of the streams involved in this separation are shown in Table 3 . The light phase is taken back to the azeotropic column as reflux stream, and the other one is fed to the stripper, where most of the water is collected and the distillate is recycled to the azeotropic column (see Figure 3) . The thermodynamic models and the binary interaction parameters for the ethanol-water mixture are shown in Tables  4 and 5 . The methods from Fenske, Underwood, and Gilliand 18-20 are used for the preliminary column design.
3.2.4. Wastewater Treatment. Wastewater is conveniently treated by anaerobic and aerobic digestion. Anaerobic digestion produces biogas that is rich in methane and can be recovered or used as utility for the process. Within anaerobic digestion, 90% whole organic component is converted to methane and carbon dioxide. Therefore, a subsequent aerobic digestion step is needed to complete the treatment and obtain a relatively clean water stream that will be recycled in the process. Sulfuric acid is used to recover the dilute hydrochloric acid.
Lignin Treatment.
The lignin and nonconverted residues leaving the fermentation and separation steps with 75% moisture are dried in a three effects evaporator to reach a targeted moisture content of about 35%. The presence of lignin thereby delays the boiling of the liquid, whose boiling point can be adjusted according to eqs 6 and 7 21
where designates the boiling temperature delay. The latter can be correlated with the solid fraction Sicc (%) of the slurry (eq 7)
∆T BP ) 8 × % Sicc 100 -% Sicc (7) 3.3. Energy Integration. The heat-transfer requirements of the process are obtained from the flowsheet model. Defining the list of hot (to be cooled down) and cold (to be heated up) streams of the process, the minimum energy requirements are determined by applying a pinch analysis and formulating the heat cascade. 17 In a second step, suitable energy conversion technologies, such as combustion, steam cycles, or heat pumps, are identified. Formulating the problem as a mixed integer linear programming problem with the heat cascade as constraints, the combined heat and power production are optimized and all of the flows in the system are calculated. 22 In the present study, a steam network with one production level at 80 bar (T sat ) 295°C) superheated to 550°C, 2 utilization levels at 9.31 bar (177°C) and 5.00 bar (152°C), and 1 condensation level at 0.02 bar (20°C) has been considered. The efficiencies of the backpressure and condensation steam turbines are assumed to 80 and 70%, respectively. The combustion is assumed to be complete, and the best air preheating temperature is determined by the model. The biogas and the dried lignin slurry also containing the nonconverted residues of cellulose and hemicellulose are recovered from the process and used as a fuel in a recovery boiler. Because their energy content is higher than the heat demand of the process, the heat recovery system allows for a considerable by-production of electricity to supply the process needs and to feed the excess power to the grid as shown in Figure 4 .
Simulation Results and Discussion
Base Case.
A plant designed to process 100 000 tons of raw material annually is investigated here as a base case. With an annual operating time of 8000 h, this represents a equivalent capacity of 57.6 MW th of biomass processed. The objective of this paper is maximization of efficiency.
After the hydrolysis, a hydrolyte liquid containing 2.89 wt % xylose concentration and 3.50 wt % glucose concentration is obtained.
For the fermentation, although most of the cellulose can be converted to ethanol (95% glucose can be converted), while the xylose conversion is not so high, conversion of xylose to ethanol is only 60%.
After the fermentation step, the ethanol concentration in the feed of the purification section is 2.69 wt % and the overall ethanol yield is equal to 58.25% of the theoretical yield. 23 Within anaerobic digestion, 90% of each organic compound is converted to methane and carbon dioxide. The biogas, containing about 27.05% methane and having an approximate LHV of 13.53 MJ/kg, represents 6.7% of the energy content of the biomass input and is fed directly into the boiler for steam generation.
Residues were concentrated by three effects of evaporation; the residues composition was shown in Table 6 . After evaporation, lignin moisture reaches 35% and a lower heating value of 14.21 MJ/kg. Waste water was treated using sulfuric acid to recover hydrochloric acid and, at the same time, to reduce water makeup; about 90% hydrochloric acid can be recovered.
In general, this process needs a large amount of water, and therefore, it is important to recover and recycle it as much of as possible to minimize the required fresh water makeup. After our analysis, the water makeup could be reduced (excluding the water required by the makeup of cooling boilers), 3.64 kg to produce 1 kg ethanol, and with the CaCl 2 treatment step, the water needed is only 0.67 kg/kg of ethanol.
The overall balance of the non-integrated process is shown in Figure 5 . The minimum energy requirement and the integrated composite curve for the whole process are shown in Figure 6 . The corresponding energy balance including the co-generated electricity is shown as a base case configuration in Table 8 . The total efficiency of the process suffers from the limited conversion of xylose and the fact that lignin is not digested. In comparison to the heat requirement of 8.5 MW between 129 and 169°C, 73% of the waste stream has no value for the process and has to be wasted or converted into other useful energy services. The option considered here is the integration of a steam turbine that co-generates heat and produces mechanical power. The counterpressure mode is thereby considered to supply the heat to the process, and the condensing mode is considered to convert the excess heat into electricity. The characteristics of the steam cycle are given in Table 7 . The total energy efficiency is defined as the ratio of the energy value of the products to the energy value of the input (eq 8)
energy ethanol + energy electricity energy biomass
On the basis of the lower heating values of biomass and ethanol, it amounts to 49.37%. 4.2. Sensitivity Analysis on Ethanol Yield. As outlined above, the overall ethanol yield is not so high. One of the main reasons is that the conversion of biomass to fermentable sugar is limited to 70% to avoid the release of possible inhibitors. Another reason is that the conversion of xylose to ethanol is only 60%. If the conversion can be increased by technical development, the overall ethanol yield can be increased. 24 The effects of cellulose and xylose conversion on the ethanol yield and the corresponding efficiencies are shown in Figures 7 and  8 . With the increase of cellulose conversion from 70 to 90%, the ethanol yield can be increased by 11%, while an increase of the xylose conversion from 60 to 90% results in increasing the ethanol yield by 10%. In terms of efficiency, this corresponds to an increase of 6 and 5.5%, respectively. Because a higher conversion to ethanol decreases the amount of unconverted material available for combustion, this positive effect is attenuated a lower by-production of electricity. If the cellulose conversion is increased from 70 to 90%, this production falls by 3% and the overall efficiency increases by only 3%. In case of an increase of xylose conversion from 60 to 90%, the electric efficiencies decrease by 1% and the overall efficiency increases by 4.5%.
Another important influence on the ethanol recovered is due to the ethanol fraction in the distillation bottom product. Figure  9 shows that an ethanol concentration decrease from 0.5 to 0.02 wt % would increase the overall ethanol recovery by about 10% and increase ethanol efficiency by about 6%.
Other Options for the Conversion of Residues.
As already highlighted in the discussion of the composite curves (Figure 5) , the combustion of all of the residues (3.86 MW of biogas and 31.08 MW of lignin slurry) is not a very efficient way of conversion. On one hand, high exergy losses occur because of the large temperature difference between the hot flue gases and the steam production. On the other hand, the amount of heat available from the fumes is much higher than the actual heat required by the process. As indicated by the large cooling water load, the Rankine cycle is thus to a large extent operated independently of the ethanol plant for electricity production and the benefits of process integration are small.
For this reasons, it appears interesting to investigate other options of converting the residual lignin. A first, technically mature one is its use as feedstock in an integrated gasification combined cycle (IGCC), where the feedstock is first gasified and the producer gas is directly burnt in a close-coupled gas turbine. The excess heat from the gas turbine exhausts is further recovered by a steam cycle, which, as before, also satisfies the heat requirements of the process. For the purpose of this study, a process model for this technology 25 has been integrated with the ethanol process.
The integrated composite curve of the IGCC case on the left part of Figure 10 shows that the exergy losses because of the high temperature differences between the hot and cold streams decrease. The energy excess is better converted in electricity. Therefore, less cold utility is necessary than in the base case, and less energy is lost to the atmosphere in the condenser of the Rankine cycle. The comparison of the overall energy balance of Table 8 highlights the advantages of a better process integration. In the IGCC case, the electricity production raises from 0.317 to 0.398 MJ e /MJ th , which corresponds to a 25% increase.
As a second alternative, the lignin could be gasified and the producer gas converted to methane. After separation of the byproduced CO 2 , the gas reaches a quality that allows its injection as synthetic natural gas (SNG) into the natural gas grid. Because the methanation reaction is exothermic and realized at around 300-400°C, it is possible to use it as a hot utility for the ethanol plant. A thermo-economic model of the SNG production has been developed in refs 26 and 27 and integrated with the ethanol production process model detailed in the present work.
When conversion of lignin to SNG is performed, the heat from the SNG process is just sufficient to satisfy the demand of the ethanol plant and no excess heat is available to co-produce electricity. However, if SNG is considered as a transportation fuel, the biofuel production of 32.3% in the form of ethanol is more than doubled by adding 40.3% SNG and leads to an overall biofuels production of 70.5%, if we consider the electricity requirement for the process.
Conclusions
An ethanol production process from lignocellulosic biomass was modeled on the basis of the experimental data obtained from an existing plant. In the pretreatment section, the double acid hydrolysis is used, in which hydrochloric acid catalyst allows for the reaction temperature reduction and where sulfuric acid is used to recover the hydrochloric acid. To reduce the degradation and increase the sugar concentration, a twostage process operation is used to increase the monosaccharide concentration. A sensitivity study revealed that, with the increase of cellulose conversion from 70 to 90%, ethanol yield can be increased by 11%. With an increase of xylose conversion from 60 to 90%, ethanol yield can be increased by 10%. The study also shows the impact of the raw material on the ethanol conversion and the overall efficiency of the process. The byproduct biogas and lignin are considered to produce heat and electricity to cover the demand of the whole process. Surplus energy was used to generate electricity, which results in a total energy efficiency of 49.4%. The energy integration reveals that there is potential for a much more efficient conversion, if the byproducts are used in another way than a simple steam cycle. When the lignin is fed to an IGCC process, the electric efficiency is increased by 25%, which leads to an overall efficiency of 53.8%. However, the best solution is reached when converting the lignin into synthetic natural gas and using its excess heat for the ethanol process. With this option, the total biofuel production is more than doubled and an overall efficiency of 70.5% is reached.
